At present, the so-called interstitial cells of Cajal (ICC) are quite well described ultrastructurally and immunocytochemically [1] [2] [3] [4] [5] [6] . Moreover, these ICC are implicated in rhythmicity and neural control of gastrointestinal smooth muscle [7, 8] . However, cells similar to ICC could be present outside the musculature of the gastrointestinal tract [9] and we called them interstitial 
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Cajal-like cells (ICLC) . Indeed, such ICLC have been described recently in various extradigestive organs, under different denominations [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
In myocardium, almost always attention was focused on working cardiac myocytes, in spite of a high connective tissue/muscular tissue ratio [24] . Until recently, there were no attempts to look for ICLC among muscular cells resident in the myocardial interstitium. However, we described in human atrial myocardial interstitium, using TEM and immunohistochemistry, a cell type similar to ICLC [25, 26] . We also reported preliminary evidence about the presence of ICLC in rat ventricular interstitium [25] .
The major aim of this study was to provide extensive direct evidence on the morphological features of ICLC in rat and human ventricular myocardium and to quantitatively estimate the relationships of ventricular ICLC with contracting cells.
Material and methods

Animal tissue samples
Tissue samples were collected from male Wistar rats weighing 200-250g after animals were euthanized with an overdose of anesthetic. All rats were housed in a local facility for laboratory animal care and held, fed ad libitum on stock diet, according to the local ethical guidelines. This study was approved by the Bioethics Committee of the "Victor Babes" Institute of Pathology, Bucharest, according to generally accepted international standards.
Human tissue specimens
For immunohistochemistry, histologically normal portions of paraffin-embedded archived tissue, from either left or right ventricular myocardium, derived form 10 necropsy cases were used.
Thin-section microscopy (TSM)
Control semi-thin sections (less than 1 μm) were stained with 0.25% toluidine blue and examined by light microscopy (Nikon Eclipse E600). Representative photomicrographs were taken using Nikon Plan 40x and Nikon Plan Fluor 100x/1.30 oil.
Electron microscopy (TEM)
Tissue samples from both right and left ventricles were obtained and processed, as previoulsy described, for ultrastructural studies [25, 26] .
In brief, tissue specimens (about 1 mm 3 ) were fixed in 4% glutaraldehyde (in 0.1 M cacodylate buffer), pH 7.3, for 4 h, at 4 o C. After a brief wash in 0.1 M cacodylate buffer (CB), tissue samples were post-fixed with 1% osmium tetroxide in 0.1 M CB, pH 7.3, at 4 o C, followed by dehydration in a graded series of ethanols. An alternative method to fix the myocardial tissue by perfusion was used too. After impregnation in propylene oxide, the samples were immersed overnight in a mixture of propylene oxide and Epon 812 resin, and embedded in Epon 812, as usually. Ultrathin sections were cut using a MT-7000 ultramicrotome (Research Manufacturing Company Inc., Tucson, AZ, USA) or a Leica ultracut UCT ultramicrotome (Leica Microsyteme Gmbh, Austria). Sections (50 nm) were collected on Formvar-coated copper grids, stained with uranyl acetate and lead citrate, and observed, at an acceleration voltage of 60 kV, in either a CM 12 Philips, a CM 301 Philips or a Leo 912 Omega electron microscope.
Stereology and morphometry
Random photomicrographs on one-micron thick sections were taken using Nikon Plan Fluor 100x/1.30 oil and used for quantitative and morphometric analysis of ICLC (e.g. total and relative number of cells, number and length of processes etc.). The quantitative evaluation of ICLC ultrastructural characteristics (relative volumes) was performed using the point-counting test [27] . Measurement of ICLC processes was performed on electron micrographs using NIH ImageJ software after proper calibration in Adobe Photoshop.
Immunohistochemistry
IHC was performed on formalin-fixed, human paraffin-embedded tissue sections by the avidin-biotin peroxidase complex method [28, 29] . The primary anti- Fig. 1 A, B Digitally-colored electron micrograph of rat ventricular myocardium. A. Interstitial Cajal-like cell (ICLC) with a few cisternae of rough endoplasmic reticulum (rER -yellow), caveolae (arrows), intermediate filaments (*), microtubules (arrowhead) and two, 0.1μ thick, cytoplasmic processes. Note that the prolongations starting from the cell body are very thin (slender) from the very beginning ( ). This is a criterion to differentiate ICLC from fibroblasts. Note the gap junction between the ICLC and a cellular process of another ICLC (round mark). B. Fibroblast having indented nucleus, rER with dilated cisternae (yellow) and Golgi complexes (G). Scale bar = 1 μ. Inset: Light microscopy. Possible ICLC stained with toluidine blue in human ventricular myocardium (archived necroptic material). 
Immunofluorescence (IF)
Immunofluorescent staining was performed using a protocol adapted after Mora et al. [30] . Cells grown on coverslips were fixed using 2% paraformaldehyde 
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Silver impregnation on cell cultures was done as follows: cells were fixed with paraformaldehyde 2% for 10 min, at 4 o C, washed 3 times in ethanol 80% and then incubated with silver nitrate 20%, for 30 min. Coverslips were then washed 3 times with water and covered with paraformaldehyde 20% for 3 min and then with amoniacal silver nitrate solution for 30 sec. Slides were then washed in distilled water, fixed in thiosulphate 5% and mounted in Entellan (Merck KGaA, Darmstadt, Germany).
Vital stainings
Methylene blue vital staining. Cells were washed in prewarmed phenol red-free DMEM (Sigma Chemical, St. Louis, MO, USA), and incubated for 20 min, in a 0.02% methylene-blue solution, at 37 o C. Methyleneblue solutions with dilutions between 0.01-0.1% have been tested and 0.02% was chosen as being optimal. Cells were examined and photographed under a Nikon inverted TE200 microscope equipped with a Nikon DN-5 digital camera.
Janus green B vital staining. Cells in culture were stained for 30 min in 0.02% Janus green B (Sigma Chemical, St. Louis, MO, USA) in DMEM and maintained at 37°C, in a humidified atmosphere, 5% CO2 in air. After repeated washes in DMEM, cells were examined under a heated object stage inverted Nikon TE200 microscope and photographed.
Giemsa staining. The 35 mm Petri culture-dishes were emptied of the culture medium and cells were stained with 0.4% Giemsa solution (Sigma Chemical, St. Louis, MO, USA) in methanol and distilled water (pH 6.9), for 30 min, at room temperature.This method is not a vital one, since the dye and the fixation agent Mitochondria labeling with MitoTracker Green FM Cultures were labeled with MitoTracker Green FM (Molecular Probes, Eugene, OR, USA), the lipophylic, selective dye, which is concentrated by active mitochondria [31, 32] . Cells grown on coverslips were removed from culture and incubated in phenol red-free DMEM completed with 10% fetal calf serum and antibiotic-antimycotic solution (Sigma Chemical, St. Louis, MO, USA) in the presence of 80nM MitoTracker Green FM. Cells were incubated for 30 min, at 37 o C, in a humidified atmosphere (5% CO 2 in air), subsequently washed, and examined by fluorescence microscopy (450-490 nm excitation light, 520 nm barrier filter; Nikon TE200 microscope). 
Results
Identification of ICLC in ventricular myocardial interstitium was based on a set of complementary morphological approaches. Each method was exploited in order to provide data for either the positive or differential diagnosis for ICLC and most of characteristic features were examined comparatively (Fig. 1A, B) . The distribution on cell types of cellular population in ventricular myocardium is presented in Fig. 2 
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This chart is based on 20 random photomicrographs on one-micron thick sections stained with toluidine blue and used for quantitative and morphometric analysis of ICLC (e.g. total and relative number of cells, number and length of processes etc.) (Fig 3 A-F) . This technique revealed the general morphology of ICLC: the cell body and cytoplasmic processes. The close vicinity with capillaries and working myocytes is evident.
Electron microscopy
In order to make ICLC more evident, some TEM images obtained from rat ventricular ultrathinsections have been digitally colored (Figs. 1A,B ; 6A, B; 7, 8A; 12; 13; 14B; 16; 18A). The ultra- (Fig.  1A) ; 3. absence of thick filaments ( Fig. 1; 3-18) ; 4. presence of surface caveolae ( Fig. 1A; 5; 6 A, B; 7, 18 A); 5. variable basal lamina (Fig. 6A, B) ; 6. contacts between ICLC and nerve bundles ( Fig. 9; 12) ; 7. presence of smooth and rough endoplasmic reticulum (Fig. 5 ) ; 8. close apposition with target cells ( Fig. 9; 12; 14B, 17); 9. specific target(s) in a given organ, e.g. for myocardium: working myocytes ( Fig. 4 A-C; 15) or larger arteriolar vessels ( Fig.  10 A, B) , other connective cells, e.g. fibroblasts (Fig. 11B) ; Fig. 17 presents a multicontact stromal synapse ('kiss and run') with multiple contact points with a cleft width of ~0.11um, and wider intermembrane distances (0.157-0.239um), as reported previously in atrial myocardium [26] . 10. characteristic cell processes ( Fig. 4; 5; 7A; 8AB; 10 A, B; 11 A,B); the characteristic labyrinthic system of cell prolongation is evident in Fig. 4 , 5, 8A, 10A. The differential diagnosis with cardiac working myocytes is easiest, since the histological appearance of the two cell types is very different. The differential diagnosis between ICLC and other interstitial cells may be sometimes be difficult. However, the following criteria allow the distinction: a) cell shape: stellate (fig. 5) ; spindleshaped (Fig. 7) pyriform (Fig. 8 B) , or triangular (Fig. 9, 24 A, B) ; b) distinctive ultrastructure of cell processes (particularly long thin processes, sometimes moniliform, ( Fig. 4 ; 5; 7A; 8AB; 10 A, (Fig. 4,  8A , B; 9, 10A, B; 11A,B; 12; 13; 14A-C; 15-17. ICLC profile around single or multiple myocardial bundles, nerve fibers or capillaries appears evident in Figs. 6A, B . However, less such enclosing ICLC were observed in ventriculum by comparison with atrial myocardium [25, 26] . Sometimes, a peculiar aspect of cell processes was observed, with a 'wing of a bird' appearance (Fig. 18 A, B) . Cardiomyocyte ultrastructure was normal ( Fig. 4; 8A; 9, 11 A, B; 13; 16 ). ICLC show characteristic 1-3 cell processes ( Fig. 4 ; 5; 7A; 8AB; 10 A, B; 11 A,B), with a length of ten of micrometers (Fig. 4, 5, 6A, B) , a thickness of ICLC cell processes between ~ 0.12 μm (Fig. 5, 8A , B, 10 A) and 0.27 μm (Fig. 4) . Average distances from ICLC processes to myocytes were similar with those observed in atrial myocardium {25, 26]: ~0.06 μm (Fig. 9) , 0.11-0.15 μm (Fig. 15, 18 A, B) , ~ 0.20 μm (Fig.  6 ), ~0.27-0.29 μm (Fig. 4, 10B ), ~0.34 μm (Fig.  8B) , 0.65 μm (Fig. 7) . Measured distances to endothelial cells were:~ 0.10 μm (Fig. 9, 10A) 1.99 μm (Fig. 8A) ; 0.34 μm (Fig. 8B) ; 0.48 μm (Fig. 15) . Similarly, distances toward nerve cells were ~0.10 μm (Fig. 12) . Typical labyrinthic systems of long cellular processes are presented in Fig. 4 , 5, 8A, 10A. Fig. 9 and 12 illustrate the close relationships of ICLC and nerve fibres in normal ventricular interstitium.
Quantitatively, preliminary estimations revealed that, apparently, there are no significant differences between the left and right ventricle in ICLC distribution. However, ventricular ICLC are clearly less numerous than similar cells in atrial myocardium. 
Immunohistochemistry
Under our experimental conditions, ICLC were slightly and inconsistently positive for CD117/ckit. However, this should be not taken a a definite truth for CD117/c-kit, at this level. Sometimes the results were in the category which are usually shown in IHC tables as +/- [14, 16] . ICLC variously co-expressed EGF receptor and CD34 (Fig.  22A,B) , but appeared strongly positive for vimentin, along their prolongations (Fig. 22D) . Some ICLC seemed positive for α-smooth muscle actin (Fig. 22C) , or S-100 (Fig. 22E) but were negative for nestin, desmin, CD57, tau, chymase, tryptase and CD13. One may observe that there is a lack of a specific marker for fibroblasts [33] and, on the other hand, most specific immunomarkers for mast cells (chymase or tryptase) for nerve cells (tau, S-100), myofibroblasts, or markers for transdifferentiations (α-smooth muscle actin [34] ) were not clearly positive in ICLC. Moreover, it is also noteworthy that IHC alone cannot provide an accurate discrimination among cells in interstitium.
Immunofluorescence
In order to further characterize the long cell prolongations of the interstitial ventricular cells in culture, a molecular probe specific for mitochondria (MitoTracker Green FM) revealed an intense immunopositivity (Fig. 19 B,D) . These results correlate well with phase contrast microscopy ( Fig. 19 A,C) and TEM data ( Fig. 4 ; 5; 7A; 8AB; 10 A,B; 11 A,B).
We used a two-step procedure whereby unlabeled antibodies against connexin-43 were first bound to their targets, in cultured rat ventricular interstitial cells, and subsequently were detected with fluorochrome-conjugated antibodies (Fig. 21  B,D) . By these means the presence of gap junctions demonstrated by TEM was confirmed by an alternative method (connexin-43 presence). It is noteworthy that in our study connexin 43 expression was positive in an ICLC-enriched cell culture, devoid of endothelial cells [35] and in the absence of working myocytes, excluding the gap junctions between working cells [36] or electrocoupling of myocytes and fibroblasts [37] .
Stainings in cell cultures
ICLC were successfully maintained in primary culture and can easily be identified before reach- ing confluence. Starting with the 3 rd day in culture, ICLC appear with long, moniliform processes (Fig 19) . We used Giemsa stain to recognize cultured ICLC, since this stain is a mixture containing methylene-blue eosinate and methyleneblue chloride, dissolved in methyl alcohol, with glycerol as a stabiliser (Fig. 20, A, B) . We searched for the characteristic moniliform aspect of ICLC processes using vital stains: methylene blue (Fig. 19F, G) , and Janus green B (Fig. 19E ). Vital staining with methylene blue revealed that in living cells, ICLC processes are very long (several tens of μm), have an uneven caliber, with dilated portions, resembling 'beads on a string'. TEM studies showed that the dilated portions of the long processes, frequently accomodate mitochondria ( Fig. 4 ; 5; 7A; 8AB; 10 A, B; 11 A,B). Janus green B is a well-known vital stain, with high affinity for mitochondria [38] and was used to assess viability and localize mitochondria. The initial dark green-blue color, due to mitochondria stained with Janus green B, became a brownish gray one, and finally decolorized (leucocompound) (Fig. 19E) illustrates the staining of ICLC body and dilations of the processes.
Silver impregnation in cell culture evidentiates the thin, long cell prolongations with a beads on a string appearance (Fig. 20 C,D Fig. 25 shows an artist's view of the interstitial landscape with and without ICLC in place. Diversity of cell apppearance on TEM micrographs is easier to understand when one looks at the quasi-tridimensional drawing of ICLC alone in Fig. 25B .
Discussion
This study provides extensive morphological proof for the presence of ICLC in human and rat ventricular myocardium. Table 2 presents [based on refs. 39-58] a search of the literature suggesting (but overlooking) the occurence of ICLC or ICLC cell-processes, in ventricular myocardium. According to actual criteria for ultrastructural diagnosis [1, 2, 18] , such cells or cell fragments can now be classified as ICLC. Similarily, cells described in this study meet these criteria. As previously discussed for atrial ICLC, perhaps the most controversial area in differential diagnosis of interstitial cells is to make a distinction between ICLC and fibroblasts (or myofibroblasts).
It was documented that 'fibroblasts are principally motile cells and contain actin (mainly α-smooth muscle actin) and myosin' [59] . The absence of thick filaments might signify another piece of evidence supporting the diagnosis of ICLC. In situ ICLC have caveolae (while fibroblasts have caveolae only in cell culture), the rough endoplasmic reticulum is much less abundant than in fibroblasts, and additional arguments are the presence of basal lamina, and distinctive cell processes for ICLC. Myofibroblasts are 'not a typical component of normal untraumatised tissues' [60] . However, structural remodeling of the myocardium may be accompanied by the appearance of myofibroblasts [60] . In our opinion, the ultrastructural requisite criteria for myofibroblasts [60] [61] [62] are not accomplished in the case of ventricular ICLC: (a) stress fibers; (b) cell-tostroma attachment sites (fibronexuses); (c) intercellular intermediate (adherens) and gap junctions. However, a gradual increase of fibroblasts/myocyte ratio has been reported in heart disease conditions and myofibroblasts showed abundant expression of α-SMA, vimentin and connexin 43 [63] .
The close plasmalemmal appositions that bring ICLC and lymphocyte together in a multicontact type stromal synapse, presented in Fig. 17 , provides further support for the 'stromal synapse' concept. We coined and illustrated the term 'stromal synapses' in various organs (between ICLC and immunoreactive cells), supporting the hypothesis that stromal immunoreactive cells are included among the ICLC targets in interstitial intercellular communication [64] . Diagnostic details provided by TEM were, as for atrial ICLC, not available by other approaches. In search for ICLC, IHC anf IF may add value to TEM analysis.
It should be emphasized that the results presented in this article were obtained, in concordance, in three different laboratories, in three different Institutions.
Conclusion
This paper continues a series documenting the occurence of ICLC in human and rat (atrial and ventricular) myocardial interstitium [25, 26] .
As concerns possible function, it seems attractive to think that ICLC might participate in the process of cardiac repair/remodeling, arrhythmogenesis and, eventually, sudden death.
